1 Introduction DURING micturition the urinary bladder contracts from a volume of several hundred millilitres (in man) to essentially zero, actively expelling its contents. Correspondingly, the length of the muscle tissue changes greatly (CARPENTER, 1968) . Therefore, in order to understand the course of micturition, it is necessary to know how the mechanical properties of the contracting muscle depend on changes in its IFMBE" 1979 length. What is required is a series of simple approximations that can be used in a mathematical model of micturition (GRIFFITItS and ROLLEMA, 1979) .
Unstimulated, noncontracting bladder muscle behaves like a passive viscoelastic substance. It also exhibits plasticity: its rest length is increased after loading (CooLSAET et al., 1976) . We shall refer to forces exerted by unstimulated muscle as 'passive'.
When the muscle is stimulated to contract, an extra active force is developed, which presumably depends on the length of the muscle and on the speed of shortening as in other smooth and striated muscles (GORDON and SIEGMAN, 1971) . The active force decreases with increasing speed of shortening. The active force at constant length (zero speed of shortening) is called the isometric force. In order to make reliable measurements of the velocity dependence of the active force, both the passive viscoelastic force, which also is velocity dependent, and possible changes in the rest length must be taken into account.
In the experiments reported here the following have been investigated: the dependence of the isometric active force on changes in the length and rest length of the muscle; the relation between the isometric and passive forces; the form of the relation between the active force and the speed of shortening, and its dependence on changes of the length and rest length of the muscle. For the majority of the experiments strips of pig bladder were used. A few observations were made on human bladder. The strips were stimulated electrically by electrodes inserted in the muscle.
Fig. I Bladder strip (S), stimulating electrodes (E) and clamps (C). T = force transducer, I = indifferent electrode. The strip is about 9 mm wide 2 Material and apparatus
Bladders of freshly killed pigs, male and female, were obtained from the local slaughterhouse. They were brought back to the laboratory at temperatures from 0~ to 37~ and were cut and mounted in the apparatus within 40 to 90 rain of the death of the pig. Qualitatively similar results were obtained from all these strips, although those brought back in ice developed high active forces more reliably.
Each strip was about 15 mm long by 9 mm broad and was cut from the posterior wall, running longitudinally. The strip was fixed vertically between two toothed clamps (see COOLSAET et aL, 1975) under very little tension (-~ 0"01 N) , so that about 8 mm of free length remained between the clamps. Thus the rest length of the portion of strip under investigation was initially about 8 ram. This represented about 1/20 of the total circumference of the bladder.
Electrodes made of silver wire, diameter 0" 1 mm, insulated except within the muscle, were threaded through the strip using a hypodermic needle as an inserter. They were approximately equally spaced and usually four in number, as shown in Fig. 1 . The strip was then submerged in modified Krebs solution at 37~ oxygenated by bubbling with a 9 5~ O 2 / 5~ COs gas mixture. During most experiments the bath was slowly perfused with fresh Krebs solution.
The two clamps formed part of a pneumatic straining and force-measuring apparatus that has already been described (CooLSAET et al., 1976) . The upper clamp was fixed to the cantilever of a force transducer, so that the force in the strip could be recorded on a chart recorder. The system was calibrated, and its linearity checked, with weights. The compliance of the measuring system was dominated by that of the force transducer, which was 0' 1 mm/N. The lower clamp was attached to a flexible steel wire that ran over pulleys to the worm drive of an infusion pump. It was fixed also to a pneumatic piston, which kept the wire taut. Thus the lower clamp could be moved up and down and the strip shortened or lengthened at any one of a series of fixed speeds determined by the gearbox of (isometric) force to be registered the pump. Its position, and thus the length of the strip, was also recorded on the chart recorder. For electrical stimulation of the strip, the stimulating electrodes were connected in parallel to three Grass $6 stimulators also in parallel. The 'earth' terminals of the stimulators were connected only to a large indifferent electrode, a strip of stainless steel, in the Krebs bath. The stimulators were synchronised and adjusted to give simultaneous pulses of the same duration and nominal voltage.
Stimulation parameters
The following results were established under isometric conditions: (a) Stimulation by a train of electrical pulses gave a force that rose fairly rapidly to a maximum and then decayed slowly (Fig. 2a) (CooLSAET et al., 1975 (CooLSAET et al., , 1976 . Therefore, to obtain reproducible results it is simplest to make measurements at a given strip length when the passive force has become steady, after the time dependent part has decayed. The time dependent part is much smaller, and so decays to a negligible value more quickly, if the strip length is reduced rather than increased. Because the rest length of a strip is difficult to measure, different authors have defined and measured it in different ways (ANDERSON et aL, 1968; GORDON and S[EONAN, 1971; COOLSAET et al., In some experiments two or more measurements of the isometric force were made at one length. Since the differences were small, in most experiments only one measurement was made at each length, 1976). However, changes in the rest length are easy to recognise. It tends to increase when the strip is stretched passively, especially if a high passive force is developed (CoOLSAET et aL, 1976; VAN MASTRIGT et al., 1978) . If a series of measurements is made at increasing strip lengths, successively higher passive forces are generated every time the strip is lengthened and there is no means of controlling the increases in rest length. In a series of measurements at decreasing strip lengths, the passive forces are lower and tend to decrease, the rest length remains relatively constant and reproducible results are obtained.
Measurements were therefore made as follows. After mounting and immersion in the bath for about {h, the strip was extended at 0' 6 mm/s until a substantial passive force (1-4 N) developed, which was then allowed to decay viscoelastically. Measurements of the steady passive force and of the additional isometric tension developed during stimulation were made at a series of decreasing lengths. The strip was again extended, and further series of similar measurements made. because of the limited number of measurements possible on one strip (see Section 3 part b).
Results and discussion
(a) Force~length measurements. Fig. 4 shows typical results from a strip from a pig bladder. Similar results were obtained from five other strips of pig bladder and from one human bladder strip.
The sets of points representing the active and passive forces are shifted further to the right in each series of measurements. This is a consequence of the increase in rest length, which is, for the last series, over 10 mm. Since the initial rest length is only about 8 mm (see Section 2), the increase is very considerable.
The dependence of the steady passive force Fp~t on the strip length in any one series, i.e. at constant rest length, is similar for each series, as shown in Fig. 5 , where these passive force/length curves have been superimposed by shifting them along the length axis. Thus, as far as length dependence is concerned, and as a reasonable approximation, the 
The function f~(l-lo) has the expected quasiexponentially increasing form (ANDERSON et al., 1968; VAN MASTRIGT et al., 1978) . At constant rest length, the relation between the active isometric force Ft,o and the strip length l is quite different in form, see Fig. 4 . It is nearly linear at small l, and possibly approaches a maximum at larger l, in the region where the passive force is high and comparable with the active force. This relation too is shifted along the length axis in different series of measurements, again suggesting a dependence on (l-lo). In addition, however, the overall magnitude of the active forces appears to decrease with increasing 10. Therefore, provisionally
(b) Relationship between active and passive forces.
An important consequence of eqn. 1 is that the steady passive force, which is easy to determine, is a measure of the extension (l-lo), which is difficult to ascertain directly because of changes in lo. To test eqn. 2a, then, the isometric force may be plotted against the steady passive force, as in Fig. 6 . Each series of measurements (at a given lo) yields one curve. The curves for the different series are qualitatively similar in shape, although quantitatively the isometric forces become a little smaller in each succeeding series, as one would expect from eqn. 2a and Fig. 4 . However, because of the time sequence of the measurements, these reductions in the isometric force could well be an artefact due to (Fig. 3) , rather than a true dependence of the isometric force on the rest length. In order to eliminate any such artefact, measurements were made on fresh strips as follows. The isometric force was measured at a given steady passive force. The strip was stretched to increase its rest length, shortened to regain approximately the same steady passive force, and the isometric force measured again. This was repeated several times. The result of such an experiment is shown in Fig. 7 . Within experimental error the isometric forces are equal in five measurements at similar steady passive forces, although the strip length, and therefore the rest length, has increased by 16.5ram. Therefore, the apparent rest-length dependence of the active force in Fig. 6 is an artefact in this force range. Since in addition all the curves have a similar form independent of changes in the rest length, to a reasonable approximation. The form of this function is shown in Fig. 6 .
Since Fp,, is a measure of (l-lo) (eqn. 1), eqn. 2a can be rewritten as
i.e. to a first approximation the active isometric force, like the steady passive force, depends only on the extension (l-lo) and not directly on the rest length Io of the strip. (ANDERSON et al., 1968; GORDON and SIEGMAN, 1971) , consistent with Figs. 4 and 6. However, it is difficult in this region to carry out measurements at constant rest length. If measurements are made at increasing strip lengths, any increase in the rest length as the presumed maximum is approached reduces the active force (see Fig. 4 ), and so can yield a spurious maximum. Indeed, the presumed maximum is difficult to reach at all by increasing the length of the strip, since increase of the rest length causes it continually to recede to greater lengths.
(d) Plasticity. Increases in rest length, as observed here and by VAN MASTR[GT (1977) appear to occur above a certain passive yield stress ( VAN MASTRIGT et al., 1978) . They are not easily reversible. Occasionally what appeared to be a very slow, partial reversal was seen during these experiments, presumably either viscoelastic or metabolic in origin.
COOLSAET et al. (1976) have suggested that the rest length might decrease during active contraction. Neither the brief contractions produced by electrical stimulation, nor a sustained contraction produced by the addition of acetylcholiv.e (~ t [tg/ml) to the bath caused any significant change in rest length in these experiments. viscoelastic in origin and in general varies in time.
Experiments were done to see whether the isometric force was merely added to the time-dependent passive force, or whether it was altered when the passive force varied in time. These experiments were not conducted at large extensions, where even the 'steady' passive force changes with time because of the gradual increase of the rest length. After a rapid increase in length, the isometric force was measured just after the increase, when the time :dependent part was large and rapidly changing, and again considerably later when the time dependent part was negligible. The former measurement was smaller than the latter when the time-varying part of the passive force was large, see Fig. 8 . Therefore the active and passive forces were not strictly additive, although the lack of additivity is not likely to be significant under most experimental circumstances.
After a rapid decrease in length the viscoelastic effects are much smaller and it was not possible to detect a significant alteration in the isometric force, as shown by the points at negative values of the abscissa in Fig. 8 .
Measurements of the active force developed during shortening of the strip

Outline
The active force developed by a muscle depends not only on its length but also on its speed of shortening. In the past the speed of shortening was usually measured under a constant force. To reduce the length dependence and isolate the velocity dependence, the measurements were often made near the maximum of the isometric force/ length relation. With bladder muscle, difficulties arise:
(a) The maximum cannot easily be reached (Section 4.2) (b) If one nevertheless works near the maximum, the passive force is large, velocity dependent and very sensitive to changes in length (see Fig. 5 ): thus, even if the total force on the muscle is constant, the passive part of it decreases rapidly as the muscle shortens and the active force correspondingly increases. For these reasons the speed of shortening is not at all constant in such experiments, and it is difficult to obtain reliable results (GORDON and SrE~MAN, 1971) .
The velocity dependence has therefore been measured in a different way. The bladder strip was stimulated while it was shortening at a constant speed, determined by the Harvard pump (see Section 2). After the force had reached a maximum the shortening was stopped and the force rose further to its isometric value (see Fig. 9) . The stimulation was then switched off so that the active force decayed, leaving the steady passive force. From these measurements one knows, for a given length and rest length: the steady passive force, the sum of the isometric force and the passive force, and the sum of the passive and active forces at a given speed of shortening. One could thus calculate the active and passive forces separately except for one difficulty: because of viscoelasticity, the passive force just after shortening is not equal to the steady value. However, after shortening the active and passive forces are essentially additive (Fig. 8) . Therefore it is necessary, before or after these measurements, to shorten the strip in (ideally) a similar manner but without stimulation, and to record the subsequent viscoelastic relaxation. The steady passive force can then be corrected to yield its values just after shortening, so that the isometric force and the active force during shortening can be calculated, as shown in Fig. 9 . Usually the viscoelastic correction is small compared to the active forces, so that high accuracy is not needed.
In some experiments the isometric force was measured again at the same length, after a few minutes, without shortening. Comparison of the two measurements confirmed that the method of correcting for the viscoelasticity was satisfactory.
Experiments of two principal types were carried out. In the first type measurements were made at a fixed speed of shortening, in order to determine the effects of changes of length and rest length on the relation between the active force and the velocity of shortening. This is of importance not only clinically, because the length of the bladder muscle changes so much during micturition, but also experimentally, because a set of measurements on one strip is made at various extensions and rest lengths. In the second type of experiment the actual form of the active force/velocity relationship was determined, by measurements at different speeds of shortening.
Measurements at a single speed of shortening
The strip was extended at 0"6 mm/s without stimulation. After the time dependent part of the force had decayed, there followed a series of shortenings at a fixed speed. These were made alternately with stimulation (in order to observe the active force during shortening and the isometric force in the way just described, Fig. 9 ) and without stimulation (in order to observe viscoelastic relaxation), until the active force became too small to be measured accurately. For such a series the rest length is essentially constant. The strip was then extended again and a second series of shortenings made, at a greater rest length, and so on. Since the viscoelastic relaxations and the active forces were observed at different lengths, the corrections for the passive viscoelasticity were estimated by interpolation, and the isometric force F~o and the active force F during shortening calculated as shown in Fig. 9 . The results for one strip are shown as functions of its length l in Fig. 10 to study the dependence of F/Ft~o on (l-/o), or more conveniently on Fpst, the steady passive force, which is a measure of (l-lo), see eqn. 1. Results for one strip are shown in Fig. 11 . Similar results have been obtained with four other strips from pig bladders and for one human bladder strip, at speeds of shortening so that, in different strips, F/F~so ranged from 40 to 80%. As shown in Fig. 11 , the values of F/F~so were very nearly the same in different series of shortenings, i.e. at different rest leng!hs. In most strips some dependence of F/F~so (expressed as a percentage) on Fpst was observed, ranging from about + 100 %/N to -200 %/N, with a mean of -70%/N for the pig-bladder strips (graphical estimates). Since the dependence was relatively slight, and varied in sign from strip to strip, it is reasonable to take F/F~so as constant for a given v, independent of Fp,, and of changes in the rest length.
Usually, after some hours of measurement, inconsistent results began to be obtained. These were ascribed to muscle damage and no further measurements were made.
Taken together, these results imply that, to a reasonable approximation
where the function f4(v) is, for a given strip, approximately independent of l and lo. Thus the velocity scaling of the force/velocity relation is unaffected by changes of length or rest length. In particular Vm,x, the physiological maximum speed of shortening, attained when F/Ft~o = O, should be approximately constant, independent of length changes, for a given strip. In fact, however, we shall see that Vmax is not a good velocity parameter. A better parameter is proposed below: it too is approximately constant, independent of length changes.
The form of the active force/velocity relationship
Given eqn. 4, the form of the function f4(v) can be determined by measuring F/Fiso at different v on one strip. Such measurements have been made on six strips. The most reproducible results were obtained by use of the following method arid by ensuring that the total number of stimulations of one strip did not exceed 12.
The strip was extended at 0-6mm/s until the passive force was 1 N. After the time dependent part had decayed, the strip was shortened at a given speed, with stimulation, as described in Section 5.1, to observe the force during shortening and the isometric force. The whole cycle of extension and shortening with stimulation was then repeated, with a different speed of shortening, and so on. Finally, a number of similar shortenings was made at the various speeds, but without stimulation, in order to correct for the viscoelastic effects (see The maximum speed of shortening Vm,x is attained when F/F~so = 0 and is given by Vm.~ = Fisob/a (= 4b, typically) . Thus b is a characteristic velocity parameter.
Eqn. 5, with a/Fo = 0-25, is also plotted in Fig. 12. The value of b has been chosen so that the experimental points lie close to the curve in the region F/F~o > 50%. Although at first sight eqn. 5 is a reasonable fit to the points, one difference consistently found is that the experimental points tie on a curve with a long tail, extending to very high speeds of shortening at low nonzero values of F/F~so. Therefore v .... the speed of shortening when F/F~so = 0, which has to be found by extrapolation, is very high, is not easy to determine accurately and is not representative of the behaviour of the muscle in the region F/F~o > 50%, which is clinically the most significant (GRIFFITHS, 1977) . Furthermore, the high value of v~,~ may be due to a geometrical peculiarity of strips as opposed to complete bladders (see appendix). For all these reasons, v~,.~ is not a useful velocity parameter for The principal conclusion of this section is that the %-force/velocity relationship (eqn. 4) and the velocity parameter v* describing it are approximately constant for a given strip, independent of changes in the length and rest length.
Conclusions
The steady passive force exerted by a strip of bladder muscle is a useful measure of the extension (l-lo) above the rest length lo. it is otherwise approximately independent of changes in the rest length.
The active isometric force F~o which is added to the steady passive force on maximal stimulation is also, to a first approximation, dependent only on (l-lo). F~o rises approximately linearly from zero for small (l-lo), but approaches a maximum at large (1-lo), where it and the steady passive force are comparable in size.
The isometric active force and the steady passive force are by definition additive. If the passive force, which is viscoelastic, varies in time, small departures from additivity occur.
The increases in rest length that occur under high passive forces are not easily reversed. They make it difficult to observe the presumed maximum in the isometric force/length relationship.
The relationship between the active force F and the speed of shortening v is given by F/Fao "~ .f4(v) where the function f4(v) is approximately unaffected by changes in (1-to) and lo. Although a decreasing function v, it differs in detail from that characteristic of striated muscle (the Hill equation), possibly for geometrical reasons. Nevertheless, a velocity parameter comparable to the Hill parameter b can be defined, that is approximately independent of changes in the length and rest length of the strip.
